The reactivity of isopropanol on polycrystalline Pt in acid solutions was investigated using in-situ Fourier transform IR spectroscopy (FFIRS) and on-line differential electrochemical mass spectrometry (DEMS). The electro-oxidation products are acetone and CO2; the former is observed when isopropanol is present in the bulk of the solution, and the latter is produced from strongly adsorbed species. Both bulk and adsorbed isopropanol electro-reduction yield propane. H-D exchange is observed during propane formation when the reaction takes place in a D20 + DC10 4 solution. This observation suggests the formation of adsorbates bonded to the surface through the Ca atom of the isopropanol molecule. FTIR spectra of adsorbed species show the presence of -CH 3 and -COH groups. The most probable adsorbate structures are (CH3-C-CH3)Pt, (CH3-CH-CHa)Pt and (CH3-COH-CH3)Pt, presumably accompanied by (CH3-CO-CH 3)Pt.
Introduction
In a previous series of papers, the electrochemical behavior of C 3 primary alcohols, namely n-propanol [1] , allyl alcohol [2] and propargyl alcohol [3] , has been studied on polycrystalline Pt electrodes in acid solution by using electrochemical methods combined with in-situ Fourier transform IR spectroscopy (FTIRS) [4] and differential electrochemical mass spectrometry (DEMS) [5] . On the basis of these studies, reaction pathways have been proposed for the electrochemical oxidation and reduction of these alcohols on Pt in acids [1] [2] [3] . It was also found that the investigation of a secondary C 3 alcohol, such as isopropanol, could help to improve our understanding of further aspects of the electroreactivity of alcohols with a C 3 chain on Pt in acids.
The electrochemical behavior of isopropanol on Pt in acid solutions has been the subject of a number of investi-g~,tions [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There is general agreement on the fact that there is negligible cleavage of C-C bonds during the adsorption of isopropanol on polycrystalline Pt [6- 8, 10, 11, 17] , and that no absorption bands due to CO adsorbed species are observed in the FTIR spectra when isopropanol is present in the bulk of the solution [12] [13] [14] [15] . A CH3COHCH 3 structure has been proposed for the adsorbate on Pt [7, 8, 10, 11, 17] . Furthermore, electron energy loss spectroscopy (EELS) data of isopropanol adsorbed on Pt(lll) at -0.1 V vs. Ag [AgC1 I1M KC1 demonstrate the disappearance of the hydroxyl hydrogen during adsorption and the formation of alkoxide species [16] . In contrast with these conclusions, the absence of chemisorbed species on Pt during isopropanol electro-oxidation has been suggested [91.
Most adsorbed residues from isopropanol on Pt are desorbed by electro-reduction [10, 11] . A mechanism involving desorption as isopropanol has been proposed for this reaction [10] . FFIRS studies have shown that CO 2 and acetone are the final products of isopropanol electro-oxidation [12] [13] [14] [15] , in agreement with preliminary DEMS data [17] . However, different reaction pathways have been proposed for the appearance of these products. Thus a reaction involving successive dehydrogenation steps with the formation of an acetone intermediate has been discussed for the electro-oxidation of isopropanol on Pt yielding CO 2 [14] . Conversely, different parallel reaction pathways for isopropanol oxidation on Pt in acids have been postulated for the production of CO 2 and acetone [7, 12, 13] . Recently, from a kinetic study of the oxidation of isopropanol on Pt by means of in-situ time-resolved FTIRS, the dehydrogenation was assigned as the main and fastest reaction for the overall oxidation of isopropanol on Pt [15] .
At this stage it can be concluded that the adsorption mechanism of isopropanol on Pt in acid is far from proven. This situation encourages further investigation of the subject particularly oriented to clarify the electrode-alcohol interactions involved in the reduction and oxidation processes.
A probable reaction pathway for the above processes derived from electrochemical methods, together with DEMS and FFIRS, following experimental procedures described in preceding publications [1] [2] [3] , is presented in this article.
Experimental procedure for isopropanol adsorption
Isopropanol adsorption experiments were performed in the flow cell under constant-potential conditions. Thus, after the activation of the working electrode in the base solution, the potential was held at Ead (0.05 V < Ead < 0.40 V) and then 0.05 M isopropanol in base solution was added to the base solution in the cell. Simultaneously, the corresponding current transient was recorded for 5 min and then the isopropanol-containing solution in the cell was replaced by the base solution. Finally, DEMS or FTIRS measurements were performed. Procedures are described in the next section.
Results

Experimental
Chemicals and instrumentation
DEMS data
Bulk reactions
The voltammogram of Pt in 0.05 M isopropanol + 0.1 M HC104 at 0.01 V s -1 ( Fig. l(a) ) shows electro-oxida-Solutions were prepared from Millipore MilliQ * water and analytical grade chemicals. Isopropanol concentration was varied in the 0.01-1 M range. The base solution for FTIRS was 0.1 M HC104, whereas either 0.05 M H2SO 4 or 0.1 M HCIO 4 was employed for DEMS. Argon (99.998%) and nitrogen (99.999%) were used to deaerate solutions for DEMS and FTIRS respectively. These gases continuously flowed over the solution during the experiments. All measurements were performed at room temperature.
Volatile products were detected using DEMS. The mass-current response was recorded almost simultaneously with the cyclic voltammogram. Most details of the experimental procedure have been described elsewhere [1] . The working electrode (real area, 10 cm 2) was prepared by sputtering Pt on a PTFE membrane interfacing the electrochemical system and the mass spectrometer. The counterelectrode was a Pt wire (0.5 mm in diameter). Measurements were performed at 0.01 V s -1.
The FTIR spectrometer was a Digilab FTS-40 provided with a mercury-cadmium telluride (MCT) detector. A glass flow cell (6 cm 3) with a CaF 2 window and a flat Pt ring 0.5 cm thick and 2.8 cm in diameter were employed. The working electrode was a polycrystalline Pt disk (1 cm in diameter). Experimental details including the cell design have been given in previous publications [1, 18] .
A reversible hydrogen electrode (RHE) in the base solution was used as reference electrode. Prior to each measurement, the working electrode was activated in the base solution by applying repetitive potential cycles between the threshold potentials of hydrogen and oxygen evolution until a reproducible voltammogram was obtained. second peak related to acetone production appears around 1.32 V, i.e. in the potential range where Pt surface is already covered by oxide. During the reverse potential scan, as for CO,, acetone production starts immediately after the electroreduction of Pt oxide. However, in this case the height of the signal at 0.64 V is greater than that at 0.78 V during the preceding potential scan. Therefore the sharp peak observed in the cyclic voltammogram for the negative-going potential scan is probably related to the formation of acetone. The acetone to CO 2 yield ratio calculated from tabulated fragmentation data [19] is about 8.
The consumption of isopropanol can be followed through the m/z = 45 signal which corresponds to
[CH3CHOH] ~, the main fragment expected from the isopropanol molecule. The minimum heights of this signal (at 0.80 V and 0.63 V during the positive-going and negative-going potential scans respectively) correlate with the maxima of acetone formation.
The increase in the m/z = 44 signal at potentials below 0.15 V is related to the radical cation M + of propane, which appears as the only electroreduction product. This assignment is confirmed by the presence of signals for m/z = 15, 29 and 30 (not shown in the figure) which correspond to the fragmentation of propane in the ion chamber of the mass spectrometer. No significant influence of the base electrolyte on either the yield or the potential range of formation of the products was observed.
Adsorbed species
The electrochemical behavior of adsorbates was investigated for different values of Ead. For Ead = 0.05 V, the addition of alcohol produces neither a current transient nor adsorbate formation on Pt, Conversely, tbr Ead = 0.25 and Ead = 0.35 V, anodic current transients are observed. For Ead = 0.25 V, the current transient decays to zero after 2 min; the charge density involved in this process is about 100 /xC cm --~. Part of this current transient can be explained in terms of the desorption of the H atoms replaced by isopropanol molecules. The charge involved in the total displacement of hydrogen at E,d = 0.25 V, estimated from the cyclic voltammograms, is about 45 #C cm 2. The rest of the charge (55 /xC cm 2) is probably related to isopropanol deprotonation.
At Ead = 0.35 V a residual anodic current is observed after 5 min and the total charge density involved is ca. 570 /xC cm 2. The fact that the charge density derived from the current transient is much larger than the monolayer charge density for H adatoms on polycrystalline Pt (210 p~C cm 2), together with the presence of a residual current after 5 min, leads to the conclusion the electro-oxidation of bulk isopropanol has already occurred at this potential. It should be assumed that 0.35 V corresponds to the threshold potential lor acetone production ( Fig. l(b) ). 
The direct electro-oxidation of adsorbed residues formed at Ead = 0.25 V and Ead = 0.35 V commences at 0.55 V irrespective of Ead (Fig. 2) . A large CO 2 signal at 1.04 V is recorded for Ead = 0.25 V, whereas two different contributions at 0.69 V (Epl) and 1.04 V (Epe) are observed for Ead = 0.35 V. During the first negative-going potential scan, the electro-oxidation reaction gives a third signal (Ep3) with a maximum at 0.73 V, i.e. just when free Pt surface domains begin to appear.
The complete electro-oxidation of isopropanol adsorbates is accomplished after two or three potential cycles up to 1.55 V, irrespective of the base electrolyte. On the second cycle, two peaks are recorded at about 0.78 V and 1.03 V (Fig. 3) .
Potentials related to the peaks of the first scan of the mass signal for CO 2 (m/z = 44) and the electro-oxidation charge obtained from the CVs for different E~j are given in Table 1 . It should be noted that, as far as peak potential values are concerned, most reliable data result from the mass current response. For a given E~a, there is a clear influence of the base solution composition on the value of Epl. The latter is more positive in aqueous H2SO 4 than in aqueous HCIO 4. This effect has also been observed for propanol adsorbate electro-oxidation, and in that case stabilization of the oxygen-containing adsorbates through the formation of an anion and water cluster network was suggested [1] .
The main desorption product of the electroreduction of isopropanol adsorbate, as well as that of the bulk alcohol, is propane. The formation of this product takes place at E < 0.20 V, i.e. within the hydrogen adsorption potential range ( Fig. 4(a) ). In this case, the first cyclic voltammogram shows a cathodic voltammetric charge that is greater than the anodic voltammetric charge. This charge difference can be attributed to hydrogenation of the adsorbate. Otherwise, the signal for m/z = 44 reveals that the largest amount of propane appears during the first incursion in the hydrogen adsorption region and gradually decays in the subsequent potential cycles ( Fig. 4(b) ). Accordingly, it is reasonable to assume most of the C 3 structure of isopropanol remains in the adsorbates formed on Pt.
It should be mentioned that no change in the m/z = 45 baseline signal with the applied potential was observed. This indicates that, in contrast with conclusions drawn by other authors [10] , no isopropanol is formed during adsorbate desorption.
The electro-oxidation of adsorbates remaining on the surface after four potential incursions in the hydrogen adsorption region is shown by the dashed line in Fig. 3 . Two broad peaks are observed, the first in the 0.65-0.73 V range which depends on Ead and the base solution composition and the second at about 1.05 V. The potential region for these contributions coincides with that of the oxidation of acetone adsorbates [20] . Therefore it appears that adsorbed residues with similar structures are formed for isopropanol and acetone on Pt.
For Ead = 0.25 V, 80% of the initial charge is lost after four potential cycles between 0.25 and 0.05 V at c = 0.01 (Table 1) . Otherwise, the electroreduction of adsorbed residues in H2SO 4 turns out to be more difficult; thus in this acid only 43% of the charge is lost after four similar potential cycles and the charge decreases continuously on further cycles. pected from isopropanol fragments. The mass distribution exhibits a maximum value for C3H~D 6 fragments (Fig. 6) . observed for the electroreduction of acetone [20] and ethanol [21] on Pt in acids. Hence the H-D exchange reactions occurring during propane formation should involve an adsorbate bonded to the surface through the C o~ atom.
H-D exchange during propane formation
FTIR results
Bulk experiments
For the study of soluble oxidation products, the potential was set at E = 0.20 V in the base solution and then isopropanol was admitted to the cell. A reference spectrum R 0 was run at 0.20 V, and then, sample spectra R were measured at various preset potentials. Finally, the reflectance ratio R/R o was calculated. Thus positive bands in the spectra were associated with species consumption and negative bands with species formation at the sampling potential.
Spectra obtained at different potentials with p-polarized light in the presence of isopropanol ( Fig. 7) show positive bands at 2978, 1468, 1386, 1305, 1166 and 946 cm -1, which indicate isopropanol consumption in the thin layer of solution between the electrode and the IR window. These bands constitute the fingerprint for isopropanol in aqueous solution ( Fig. 8(a) ). The negative bands at 1697, 1426, 1367 and 1238 cm -1 correspond to the formation of acetone, as seen by comparison with the IR transmittance spectrum ( Fig. 8(b) ). The negative band at 2343 cm-1 is due to the production of CO 2, and that at 1094 cm -t corresponds to CIO4-ions in the solution. All these bands are also present in spectra taken with s-polarized light, as expected for solution species. It can be seen that the IR bands associated with acetone formation are already present at 0.40 V and that the intensity of these bands increases at more positive potentials, in agreement with the behaviour of the m/z = 58 signal ( Fig. l(b) ). However, the mass signal shows a decrease in the production of acetone on increasing the potential from 0.90 to 1.30 V, but curiously the intensity of the corresponding IR bands remains almost the same. This could be due to a very slow diffusion of products from the thin layer to the solution, where they remain nearly trapped in the cell space for the duration of the experiment.
As far as the CO 2 production is concerned, none is detected at E = 0.40 V, but at E > 0.40 V CO 2 formation increases with the applied potential as expected.
FFIR spectra of acetone are influenced by the isopropanol concentration as seen at E = 1.30 V for example ( Fig. 9 ). This result confirms the assumption that acetone originates from the electro-oxidation of bulk isopropanol. In contrast, the production of CO 2, followed by the inten- originates from the adsorbates rather than from the deprotonation of acetone. Similar conclusions have been derived from the electro-oxidation of other C 2 and C 3 alcohols on Pt [1, 2, 21] . These results contrast with the successive dehydrogenation mechanism involving isopropanol, acetone and CO 2 recently proposed for the electro-oxidation of isopropanol on Pt in acid [14] . Finally, the absence from the IR spectra of both the CO adsorbate band in the 2050-2000 cm i range and other well-known spectral features of adsorbates containing C-H groups in the 2800-3000 cm-~ should be emphasized. As pointed out earlier, the positive bands in this spectral region correspond to the consumption of bulk isopropanol. sity of the absorption band at 2343 cm -1, shows little sensitivity to the isopropanol concentration; it increases by only a factor of 2.5 as the isopropanol concentration is changed by a factor of 100. This indicates that CO 2
3,2.2. Adsorbed species
The procedure for obtaining absolute IR absorption bands of adsorbates adopted in this work was the same as that described previously for investigating the electro-adsorption of other alcohols on Pt in acids [1] [2] [3] 21] . For isopropanol, Ead = 0.30 V was chosen to avoid the influence of reduction and oxidation processes during adsorption. After isopropanol adsorption and solution replacement by 0.1 M HCIO4, the reference spectrum R 0 was taken at E=d = 0.30 V. Subsequently, the adsorbate was oxidized by a potential step to E = 1.50 V, and finally the potential was reset to Ead where the sample spectrum R was measured. Spectra are displayed in terms of the ratio R/Ro, and the spectral features associated with adsorbates correspond to positive bands.
The FTIR spectrum of isopropanol adsorbates (Fig. 10 the noise in the corresponding frequency region, and therefore can undoubtedly be assigned to adsorbed species. As expected, the intensities and shapes of these features are similar to those observed for ethanol adsorbates [21] . Spectra using s-polarized light do not show these contributions, thus confirming the assignment to adsorbates. The feature at 2962 cm-1 corresponds to the asymmetric stretching vibrations of CH 3 [22] , and the second feature at 1261 cm -1 is assigned to the C-O stretching vibration of species containing a -COH group [22, 23] . The lack of bands in the 2000-2050 cm-1 region confirms the absence of CO adsorbates. The negative band at 2343 cm-1 is due to CO 2 produced at E = 1.50 V, and the band at 1105 cm -1 corresponds to CIO 4 ions. The band around 1640 cm-1 is due to uncompensated water.
Discussion
Possible reactions related to adsorbate formation
The interaction of isopropanol dissolved in acid solution with a Pt electrode surface leads to physisorbed (CH 3-CHOH-CH3)Pt molecular species. However, for E > 0.05 V, isopropanol adsorption on Pt is better described as an electro-adsorption process, as can be concluded from the potentiostatic current transients (see Section 3.1.2). This electro-adsorption process can be interpreted as a dehydrogenation of the molecule at the C a atom yielding the adsorbate A which is bound to Pt surface through the C a atom:
(CH3-CHOH-CH3)Pt , (CH3-COH-CH3)Pt + H++ e-(1) A However, in the 0.05-0.40 V region in which reaction (1) takes place the Pt surface is largely covered by H atoms, and therefore interactions between the adsorbate A and H adatoms should be considered. For instance, the hydrogenolysis of adsorbate A can occur through reactions such as: (1) agrees with the -CH 3 and -COH bands found in the IR spectrum ( Fig. 9 ). The fact that adsorbates formed at Eaa = 0.35 V can be electro-oxidized more easily than those produced at Ead = 0.25 V (Fig. 2) provides further support for the predominance of adsorbate A as Ead is increased. However, the presence of only adsorbate A cannot explain the rather simple stepwise reaction pathway for the H-D exchange observed during propane formation ( Figs. 5 and 6 ).
However, adsorbates B and C would also contribute to the appearance of the CH 3 stretch in the IR spectrum ( Fig.  9 ). If this is the case, a band associated with the CH vibration should also be observed in the IR spectrum related to adsorbate B. Despite the fact that the C-H stretching band is weak, so that the detection of small amounts of adsorbate B using the IR spectra is rather difficult, it is reasonable to assume that the presence of adsorbate C is strongly favored, particularly at low Ead. Nevertheless, the presence of a small amount of adsorbate B cannot be completely excluded. In fact, adsorbates B and C could be involved in a stepwise reaction pathway for the H-D exchange, leading to the formation of propane. Then the H-D exchange mechanism during the production of propane becomes rather similar to that proposed for ethylidyne H-D exchange in the gas phase [24] .
Finally, although there is no direct evidence for the presence of adsorbate D, its formation allows some experimental facts to be explained. The electroreduction of adsorbed acetone to propane seems to be more difficult than that of adsorbates A-C. Therefore adsorbate D may be the residue remaining on the surface after electroreduction by potential cycling in the hydrogen region ( Fig. 3, dashed  line) .
RAIRS and HREELS studies of the adsorption of isopropanol on both clean and hydrogen-covered Pt(lll) [25] support the formation of adsorbate D. No formation of CO or CH 4 was detected in these studies, in agreement with the experimental results described in the present paper. For temperatures above 200 K, isopropanol dissociates on a clean Pt(lll) surface to give adsorbed hydrogen and ace-tone, whereas preadsorbed hydrogen on Pt(lll) inhibits the decomposition favoring the retention of molecular isopropanol [25] . Thus we should expect the distribution of species A-C, which can be considered similar to isopropanol, or species D (acetone) to depend on the hydrogen coverage of the surface and therefore on the adsorption potential. We propose the presence of an r/2 acetone species, which has both the C atom and the O atom in the carbonyl group coordinated to the surface [26, 27] . In this case, a 7r-bonded 7} 2 acetone species is possible [26] and consequently the C=O stretch of a carbonyl group around 1700 cm -1 should not be observed as the corresponding vibrational transition is forbidden by the surface selection rule. This assumption could explain the absence of the band corresponding to a carbonyl group from adsorbate D in the spectrum of Fig. 10 .
Electroreduction and electro-oxidation processes
The production of propane ( Fig. 4) can be explained through the electroreduction of adsorbates A-C as follows: 
In contrast with adsorbates A-C, adsorbate D apparently remains on the Pt surface after potential cycling in the H adatom potential range as already discussed (Fig. 3) .
As far as the electro-oxidation products are concerned, CO 2 is produced through the electro-oxidation of adsorbates A-D. After electroreduction of the adsorbates by potential cycling in the H adatom potential range, only adsorbate D exclusively remains on the Pt surface and it can be electro-oxidized in the same potential range as acetone [20] . This fact strongly supports the idea that adsorbate D and adsorbed acetone on Pt probably have the same structure.
Since adsorbates A-D keep the original C 3 chain of isopropanol, it is reasonable to assume that partially oxidized fragments are formed from adsorbates by potential cycling in the platinum oxide potential range. The complete electro-oxidation of these fragments requires rather prolonged potential cycling between Ead and 1.5 V at 0.01 V s 1 (Fig. 3) .
When isopropanol is present in the bulk of the solution, acetone can be detected as the final product. The electrooxidation of isopropanol to acetone starts at a rather low potential (E = 0.35 V). Reaction (4) implies the formation of adsorbate D from the deprotonation of adsorbate A. Adsorbate D can be attached to the surface through a ~--bonding interaction with Pt, although the corresponding bond strength would be lower than those for adsorbates A, B and C. Therefore when isopropanol is present in the bulk of the solution, the following competitive adsorption displacement is likely to occur: formed in reaction (8) undergoes further reactions to form strongly adsorbates A, B and C.
The electrochemical reactions of isopropanol adsorbates on Pt in acid solution in the range 0.05-1.50 V are summarized in Fig. 11 .
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Comparison between the electrochemical reaction pathways for isopropanol and propanol on Pt in acid
The electrochemical behavior of isopropanol on Pt can be compared with that of propanol, which was discussed in a previous paper [1] . Propanal, propionic acid and CO 2 are the main electro-oxidation products of propanol, whereas acetone and CO 2 are produced from isopropanol. In both cases the production of CO 2 is related to the presence of strongly adsorbed species originated from each alcohols. Products maintaining the C 3 structure of the original molecules are related to the bulk electro-oxidation of alcohols and imply that the C a atom is the reactive center.
Remarkable differences in the electroreduction reactions are also observed. In contrast with isopropanol, which only forms propane, propanol yields propane and ethane in a yield ratio of 1 : 3. This fact suggests that the presence of the OH group in the primary alcohol strongly favors rupture of the C 3 chain during electroreduction, yielding hydrocarbon-type adsorbates with C 2 and C 3 chains. Otherwise, rupture of the carbon chain is impeded when the OH group is attached to the central C atom of isopropanol.
The absence of CO adsorbates for the case of isopropanol adsorption indicates another important difference in adsorption behavior on Pt for isopropanol and propanol. Accordingly, the favorable trend to chain fragmentation of primary alcohols upon adsorption on Pt, leading to a considerable Pt surface coverage by CO-like adsorbates in contrast with secondary alcohols, is quite remarkable.
The electro-oxidation of adsorbates from propanol and isopropanol to CO 2 occurs in a distinct potential range. Thus, for isopropanol, CO 2 production during adsorbate electro-oxidation shows a maximum at 1.04 V/RHE whereas for propanol the greatest contribution appears at 0.73 V/RHE. This fact is consistent with the various adsorbate structures already discussed for each alcohol.
Finally, it should be mentioned that adsorbates from isopropanol are largely desorbed during potential cycling in the H adatom potential range. Although a similar effect has been reported for adsorbates from propanol, the electroreduction of these residues occurs to a minor extent presumably because of the presence of CO-like species.
